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Non-destructive methods of material interrogation are used to locate hidden 
explosives and thwart terrorism attempts.  In one such method materials are bombarded 
with neutrons which react with the nuclei of the atoms within causing a de-excitation 
process emitting a gamma-ray.  The spectrum displayed by the collection of these 
gamma-rays gives valuable information regarding the material’s elemental make-up. 
It has been hypothesized that gamma-rays from neutron-induced gamma-ray reactions on 
light elements with atomic numbers less than 20, including most of the gamma-rays of 
interest in explosives detection, are Doppler-broadened. This thesis focuses on the 
gamma ray spectra from the 4438 keV gamma ray in the 12C (n, n’γ) reaction wherein 
Doppler broadening was investigated.  A graphite sample was exposed to 14 MeV 
neutrons and the 12C gamma ray spectra collected using an HPGe detector positioned at 
four different angles with respect to the neutron beam; near 00, 450, 900 and 1350.  No 
other experimental parameter was changed.  The resultant gamma ray spectra indicated 
Doppler broadening had occurred. 
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Chapter 1 Introduction 
 
For decades scientists have studied various methods of interrogation of materials 
in hopes of finding a safe and efficient way to determine the elemental composition of a 
substance.  The goal is to create systems which can detect threats to the United States.  
Terrorist attacks can cause widespread human loss and devastating political and 
economic impacts.  Rapid and accurate systems that can detect threats without harming 
the items being interrogated, the environment or personnel operating them as well as the 
general public are desired. 
An interrogation system that can quickly and reliably detect all sizes of 
radiological, biological, chemical and explosive threats does not currently exist.  Systems 
could be designed to focus on one specific threat type.  Once this system’s principle and 
performance are understood thoroughly, the evolution to detection of other threat types 
could be considered.  These interrogation systems should be non-intrusive, non-
destructive, fast and safe.  The information these systems collect can be used to locate 
substances such as drugs, hidden explosives and other hazardous materials.1 
Because of its abundance and ease of manufacture, explosive devices are the 
threat type most used by terrorists.  Since October 2001 nearly 3000 troops have been 
killed and another nearly 30,000 injured due to improvised explosive devices.2  In 1995 
the bombing of the Oklahoma City Federal Building killed 168 people and wounded 
more than 500.3  The terrorist attacks of September 11th took the lives of nearly 3500 
people.  Since these attacks, there has been an increased interest in systems that can 
detect explosives. High explosives such as TNT, RDX and C-4 as well as many
4 
 
 
 
innocuous materials are primarily made of hydrogen, carbon, nitrogen and oxygen.  The 
concentrations and ratios of the elements in these materials are very different.4  
Section 1.1 Detection Methods 
1.1.1. Physical Search 
 
Often explosive devices are hidden and detonated in suitcases, Sea Land 
containers and automobiles.  Detection systems that can locate even small amounts of 
explosives within innocuous materials are needed.  Vehicles entering military bases and 
other access-controlled facilities are monitored for threats by physical search, x-rays or 
scent dogs.  These methods can be time consuming and potentially unsafe for the 
personnel and/or animals conducting the search. 
 
Figure 1.1 - Bomb sniffing dog.  (Photo courtesy of businessinsider.com) 
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Figure 1.2 – X-ray image of luggage.  (Photo courtesy of Airlineworld.com) 
1.1.2. X-ray Interrogation 
 
X-ray interrogation is a non-invasive and relatively safe technique.  Images 
produced by x-rays can assist in locating threatening materials; however, these images 
cannot determine the chemical composition of the materials only the presence of metals 
which make up a large portion of any vehicle. 
1.1.3. Vapor Detection 
 
Vapor detection methods or sniffers are non-invasive techniques that measure 
traces of compounds that evaporate from an explosive or are present on a container 
surface.  The sensitivity of sniffers depends on many factors such as the vapor pressure of 
the compounds of interest, transport of the vapor, trapping and collection.  False positives 
are tested by calibrating the detector to the particular explosive of interest.  False 
negatives are tested adjusting the minimum detection level of the instrument.5 
6 
 
 
 
1.1.4. Nuclear Magnetic Resonance 
 
In nuclear magnetic resonance (NMR) an object is placed in a strong magnetic 
field in which radiofrequency photons are absorbed by nuclei.  The nuclei release photons 
during the de-excitation process.  These photons have almost the same energy as the 
original photon.  Since different elements absorb radiofrequency photons of different 
frequencies the composition of an object can be identified.  Hydrogen transient magnetic 
resonance has been considered for the detection of explosives inside packages, letters and 
airline baggage.  These systems are very large and expensive and cannot be used on 
objects containing or encased in metal.5 
The above mentioned interrogation methods are just a few of those currently 
available.  This thesis will focus on neutron interrogation.  The research and development 
of these systems could prove invaluable to the Department of Homeland Security in its 
anti-terrorist efforts. 
Section 1.2 Neutron Interrogation 
 
Nuclear non-destructive analysis (NDA) has a number of benefits.  Neutron 
interrogation is both non-intrusive and non-destructive.  It can be completed from a 
distance of several centimeters (or in special cases up to meters) without destroying or 
damaging a product or material.  Although the neutrons can penetrate feet or meters into 
an object their intensity is not negatively affected by the thickness of the object being 
interrogated.  Similarly, the emitted gamma rays can easily exit the object to be detected 
by sensors placed outside the object.4  Volumes ranging from suitcases to Sea-Land 
containers can be interrogated and potential threats identified.  Nuclear techniques are 
rapid with data acquisition times less than 15 minutes.6     
7 
 
 
 
Radioisotopic sources and neutron generators are readily available neutron 
sources.  While radioisotopic sources and some neutron generators are portable, sources 
cannot be turned “off” and “on”.  Electronic neutron sources accelerate nuclear particles 
that are used to bombard deuterium, tritium or beryllium.  The reaction of these particles 
with their target produces neutrons.  The ability to stop and start this process at will 
makes this a much safer option when the generator is not in use.  
Since neutrons are hazardous to humans they must be properly shielded.  A 
neutron interrogation system must comply with strict safety standards.  Remotely 
operated systems are desired to keep users safe.   
Nuclear NDA methods require materials to be bombarded with neutrons which 
react with the nuclei of the atoms within causing a de-excitation process which emits a 
gamma ray.  Gamma rays of various elements are emitted with specific energies.  If the 
neutron is scattered inelastically this is known as the (n,n’γ) reaction.  The intensities of 
the specific gamma rays in the collected gamma spectrum provide valuable information 
regarding the elements that make up the objects being interrogated.7  Comparison of the 
elemental content can distinguish between explosive and innocuous materials.   
Table 1.1.  Elemental densities of three classes of substances.4 
 
Elemental Density 
o 
H C N O Cl 
Narcotics High High Low Low Medium 
Explosives Low-Medium Med High Very 
High 
 Medium to 
None 
Plastics Medium-
High 
High High to 
Low 
Medium Medium to None 
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By counting the number of gamma rays emitted with a specific energy such as 
nitrogen, the amount of the element contained in the object can be deduced.  
Identification of an object hidden among other innocuous materials is made possible by 
correlating the elements observed with information known about the innocuous material 
itself.4 
This gamma-ray intensity is commonly found by fitting the gamma-ray line shape 
with an analytical function such as the Gaussian function.  If the gamma ray lineshape is 
not Gaussian this method may fail causing a miscalculation of the area of the peak and, 
therefore a misidentification of the material  This is especially detrimental to non-
destructive analysis techniques utilized in automated applications which apply the 
resolution curve without taking into consideration whether the curve is appropriate for a 
given gamma-ray peak. 
In an article written by Womble et al7 it was hypothesized that gamma-rays from 
neutron-induced gamma-ray reactions on light elements or those with atomic numbers 
less than 20 were Doppler-broadened.  Doppler broadening, as described in the following 
section, will distort the gamma ray lineshape from a Gaussian distribution.   
This thesis research was conducted at the Applied Physics Institute, Western 
Kentucky University using neutron interrogation of carbon in an attempt to prove the 
hypothesis that the gamma-ray spectra of certain elements are Doppler shifted during 
neutron interrogation depending on their position in relation to the source of the neutrons. 
It is hoped that by proving this hypothesis more research can be done to develop a 
set of algorithms to assist with the automated detection of these elements in future 
interrogation. 
9 
 
 
 
Section 1.3 Doppler Shift and Doppler Broadening 
 
In elementary school students are taught the classic example of the Doppler Effect 
with the moving train sounding its whistle.  If the train is motionless a stationary observer 
standing next to the train will hear the train whistle with a constant pitch.  However, if the 
train is moving toward the stationary observer, the observer will detect a change in the 
train whistle’s pitch; it will be higher as it moves toward the observer.  Conversely, the 
observer will hear a lower pitch as it moves away.  The wavelengths in front of the train 
are compressed increasing their frequency while the ones trailing the train are elongated 
decreasing their frequency.  Figure 1.3 illustrates the classic Doppler Effect example.  
The picture on the left represents the stationery train with a constant sound frequency.  
The picture on the right represents the moving train with compressed wavelengths 
leading the train and elongated wavelengths trailing the train 
 
Figure 1.3 - Classic train whistle example.8 
 
Inelastic scattering, illustrated below, occurs when a neutron strikes a nucleus.  
The neutron moves off in one direction while the nucleus moves in another.  During this 
process a gamma ray is emitted.  Doppler broadening occurs when the gamma ray is 
emitted while the nucleus has a high kinetic energy.9  Doppler broadening can lead to a 
miscalculation of the area of the gamma-ray peak and therefore a misidentification of the 
10 
 
 
 
substance being interrogated.  This causes the use of resolution curves from isotopic 
sources or thermal neutron capture reactions to be virtually worthless in the analysis. 
 
Figure 1.4  Inelastic scattering illustration in which a neutron (n) strikes nucleus 
(12C) changing the energy of the neutron (n’) as the nucleus (12C) emits a gamma-
ray (γ) and they both move away in different directions.   
 
Gamma-ray spectroscopists create a resolution curve for any gamma ray detector 
they use.  The resolution curve is a graph of gamma ray peak widths versus energy.  This 
allows the gamma-ray spectroscopist to estimate the width of any peak.  Resolution 
curves do not consider Doppler-broadening of the gamma-ray spectra since they are 
generated from a set of stationary sources.  Skilled spectroscopists can look at the output 
from the data acquisition system and make adjustments to the equipment to more 
accurately determine the intensity.  This, however, is not practical for most field work in 
which automated neutron interrogation is necessary. 
Figure 1.5 below shows an 16O gamma-ray and a 12C gamma ray.  The 12C 
lineshape is broader than the 16O.  If this broadening effect were caused by other factors 
such as electrical noise, for example, both spectra would show similar lineshapes.  The 
gamma-rays would be broadened equally and neutron damage would give asymmetrical 
11 
 
 
 
Gaussian shapes to both peaks.  It is obvious that the 12C is much wider than the gamma-
ray from 16O.  Therefore, other causes of widening can be dismissed since the 16O does 
not have any evidence of broadening. 
  
 
 
Figure 1.5 .Gamma ray spectrum from neutron induced gamma ray reaction for a 
hydrocarbon  
 
Section 1.4 The Stopping Time of 12C 
 
Why is the 12C peak above wider than the 16O in the gamma ray spectrum in 
figure 1.5?  To determine whether Doppler-broadening is the cause of the change in 
lineshape; the stopping time of the element being interrogated must be calculated. 
First, the initial velocities of the nuclei were calculated by Womble et al7 as 
shown in Table 1.1.  The scattering angle measured with respect to the momentum of the 
incident neutron is θ. 
12 
 
 
 
 
Table 1.2 - Initial nuclei velocity calculations (Reproduced from Ref. 7). 
 
12C 
Q=4.438 MeV 
16O 
Q=6.129 MeV θ 
TN 
(MeV) 
Velocity 
(m/s) 
β TN 
(MeV) 
Velocity 
(m/s) 
β 
00 2.008 5.69E+06 0.019 1.774 4.63E+06 0.015 
50 2.001 5.68E+06 0.019 1.767 4.62E+06 0.015 
100 1.978 5.64E+06 0.019 1.747 4.59E+06 0.015 
150 1.940 5.59E+06 0.019 1.714 4.55E+06 0.015 
200 1.887 5.51E+06 0.018 1.667 4.49E+06 0.015 
250 1.820 5.41E+06 0.018 1.608 4.41E+06 0.015 
300 1.739 5.29E+06 0.018 1.536 4.31E+06 0.014 
350 1.645 5.15E+06 0.017 1.453 4.19E+06 0.014 
400 1.539 4.98E+06 0.017 1.359 4.05E+06 0.014 
450 1.420 4.78E+06 0.016 1.254 3.89E+06 0.013 
500 1.291 4.56E+06 0.015 1.140 3.71E+06 0.012 
550 1.152 4.31E+06 0.014 1.018 3.51E+06 0.012 
600 1.004 4.02E+06 0.013 0.887 3.27E+06 0.011 
650 0.849 3.70E+06 0.012 0.750 3.01E+06 0.010 
700 0.687 3.33E+06 0.011 0.607 2.71E+06 0.009 
750 0.520 2.89E+06 0.010 0.459 2.36E+06 0.008 
800 0.349 2.37E+06 0.008 0.308 1.93E+06 0.006 
850 0.175 1.68E+06 0.006 0.155 1.37E+06 0.005 
900 0.000 0.00E+00 0.000 0.000 0.00E+00 0.000 
 
Next, Womble et al7 calculated the time it takes for the nuclei to slow from their 
maximum kinetic energy to 100keV.  The 100 keV limit was chosen to avoid straggling 
(recoiling nuclei following erratic paths).  As shown in Table 1.2 the Maximum Stopping 
Time of carbon was calculated to be 683 fs. 
13 
 
 
 
 
Table 1.3 - Stopping times (calculated in Reference 7) for the nucleus to slow to a kinetic 
energy of 100 keV. 
  
Element: Medium: Elevel  (MeV) 
G  
(eV) 
T1/2  
(fs) 
Maximum 
Stopping 
Time (fs) 
C Graphite 4.43891 0.0108 42.35 683 
Water 6.12989 2.48E-05 1.84E+04 1577 O NH4NO3 6.12989 2.48E-05 1.84E+04 1777 
 
Broadened spectral lines occur when a gamma ray is emitted while the nucleus is 
in motion.  If the life time of the element is longer than the time of flight of the nucleus 
the gamma ray will be released after the nucleus has stopped moving and no broadening 
will occur. 
For example; the lifetime of 4438 keV state of 12C is 42.2 fs (Ref.10).  The 
lifetime of the 6130 keV state of 16O is 18,400 fs (Ref.10).  The 12C will release a gamma 
ray while in flight since 42.2 fs is very much less than 683 fs.  This stopping time is even 
greater than four half-lives (169 fs) at which time 98.1% of the carbon atoms will have 
decayed (or released a gamma ray) to the ground state.  In contrast, 16O will decay when 
stopped since 18,400 fs is very much greater than the 1800 fs time of flight. 
A narrow spectral peak would indicate that the 16O nucleus is at rest when the 
gamma ray is released.  Therefore, based on the Womble et al calculations7 Doppler 
broadening is a possible theory to explain the discrepancy between the 12C and 16O 
gamma ray spectra.  Another mechanism which could widen the gamma ray spectra is the 
Heisenberg Uncertainty principle. 
14 
 
 
 
Section 1.5 Heisenberg Uncertainty Principle 
  
The Heisenberg uncertainty principle is the basis for the initial realization that 
certain pairs of physical properties, such as position and momentum, cannot be 
simultaneously known to high precision. In other words, the more precisely one property 
is measured, the less precisely the other can be measured. The principle states that a 
minimum exists for the product of the uncertainties in these properties that is equal to or 
greater than one half of the reduced Planck constant (ħ=h/2π).  Could the broadening that 
we are measuring be due to this fundamental physics principle? 
For our purposes, we must concentrate on the canonical quantities of energy, E, 
and time, t.  More specifically, the uncertainty in the energy of the state ΔE and the 
uncertainty in the lifetime of the state, Δt, are related by: 
∆ ∙∆  ≥ℏ2 
We may re-write this as: 
∆  ≥ℏ2∆  
 
Planck’s constant is 4.135 x 10-15 eV*s or 4.135 eV*fs.  The lifetime of the 2+ 
→0+ of 12C (4.438 MeV) is 42 fs10.  In Strehl11, the lifetime of this state was measured at 
41.5 ± 0.38 fs and Crannell et al12  measured the lifetime of this state as 43.0 ± 0.45 fs.  
The average of the uncertainty of these two measurements is 0.42 fs.  Based on this 
average uncertainty in the lifetime of the 4.438 MeV state then the uncertainty in energy 
would be approximately 4.92 eV!  Since the width of the gamma ray shown in the Figure 
1.5 is on the order of 100 keV, the Heisenberg Uncertainty principle is unlikely to 
produce this effect.   
15 
 
 
 
 We have, then, eliminated all possible methods of peak broadening which 
included electronic noise, statistical uncertainty and even the Heisenberg Uncertainty 
Principle.  Our only viable candidate for broadening the 12C gamma rays from this state is 
the Doppler Effect. 
Section 1.6 Thesis Purpose 
 
 The purpose of this thesis is to design an experiment which will test whether 
Doppler broadening adequately explains whether Doppler-broadening is the mechanism 
which creates this gamma-ray lineshape. 
16 
 
Chapter 2 Experiment 
 
To prove that light nuclei gamma ray spectra are indeed Doppler broadened it was 
proposed that both heavy and light nuclei elements be bombarded with neutrons.  A 
gamma ray detector would be placed at varying positions with respect to the neutron 
beam created by a lead shielding tunnel as illustrated in Figure 2.1 below. Shielding 
would be placed between the neutron generator and the detector and arranged to 
collimated the neutrons (neutron direction indicated by red arrow)  The detector would 
then be positioned at near 00, 450 and 900 with respect to the neutron beam.  The resulting 
gamma-ray spectra would subsequently be analyzed and compared.  The original 
experiment plan called for the neutron interrogation of graphite, water and ammonium 
nitrate.  However, due to time constraints only graphite was used. 
 
Figure 2.1.  Diagram of Proposed Experimental Set-up13
17 
 
 
 
 
It was expected that upon neutron interrogation the gamma-ray spectra produced 
in detector position 1 will appear as in Figure 2.2 below.  The amount of shift is 
dependent upon the angle between the normal to the surface of the detector and the 
momentum of the gamma-ray emitting nuclei.  Multiplying a first order Taylor series 
expansion of the Doppler frequency equation for a moving source and stationery observer 
by Planck’s constant gives the following equation for this calculation.14  
 
  = 0+ 0 cos  
 
 
where β is the ratio of the velocity of the nucleus to c and θ is the aforementioned angle. 
Utilizing this equation, we expect that the gamma-ray spectra will shift depending 
on the angle between the detector and the incident gamma ray.15  Figures 2.2 and 2.3 
assume all neutrons and gamma-ray emitting nuclei move in the direction of the red 
arrow along the collimator shown in Figure 2.1.  In reality there would actually be a 
distribution of angles which would cause the figure to have a somewhat different shape. 
18 
 
 
 
 
Figure 2.2.  Predicted spectrum from detector position 1 with “best case” 
assumptions described in text. 
 
 
Figure 2.3.  Predicted spectrum from detector position 3 with “best case” 
assumptions described in text. 
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Section 2.1 Neutron Source 
 
The neutron source, a PPNG A325 neutron generator from MF Physics was 
chosen for its portability, controllability and high-energy neutron output.    This 
Deuterium-Tritium neutron generator is accelerator based.  The neutron tube consists of 
an accelerator ion source and target encapsulated in stainless steel housing.  It generates 
nearly monochromatic neutrons in a narrow energy range16.  This neutron generator has a 
14 MeV neutron yield of approximately 3 x107 neutrons per second typical at 55 kV with 
60µA of beam current. 
 
Figure 2.4  – Neutron tube schematics. 
The neutron generator was encased in lead bricks which were arranged creating a 
tunnel through which neutrons could travel in a beam to the target.  Since neutrons are 
emitted from the generator isotropically, this shielding configuration was designed to 
collimate the neutrons into a crude beam with the momenta of the neutron beam 
approximately parallel.  Lead shielding was chosen due to the fact that neutrons bouncing 
of the nuclei would leave the lead without a decrease in energy.   Measurements were 
 
 
 
Rear Cathode Ion Source Aode 
Exit Cathode 
Accelerator Electrode 
Target 
V
target
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Envelope V
accelerator
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taken with a Phoswich detector to determine the neutron flux.
 
Figure 2.5 – Neutron generator encased in lead shielding. 
Section 2.2 Phoswich Detector 
 
A Phoswich detector was used to map the neutron flux at various points.  This 
Phoswich detector is composed of two optically coupled scintillators mounted on a single 
photomultiplier tube.17 
One scintillator is a 6Li loaded glass with a high efficiency for thermal neutrons 
and the other is a liquid scintillator (BC501) with a fairly high efficiency for the higher 
energy neutrons.  By operating this detector with a pulsed shape discriminator gamma 
photons, thermal neutrons and high-energy neutrons can be counted separately.  The 
high-energy neutrons were of interest for this experiment. 
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Figure 2.6 - Dual scintillator (6Li and BC501) neutron detector diagram. 
 
 
 
 
 
 
 
 
   
 
 
Glass Scintillator 
Glass Light Pipe 
 
Liquid Scintillator Can 
 
BC501 Liquid 
Scintillator 
 
 
 
Glass Light Pipe 
 
 
Black Vinyl Tape 
 
 
PM Tube 
 
 
 
Black Paint 
22 
 
 
 
 
 
Figure 2.7 – MCA display of the separation of pulses from gamma photons, high-
energy neutrons and thermal neutrons. 
 
The Phoswich detector was placed directly in the neutron beam at distances 
varying from the surface of the tunnel opening to a distance of 46 cm from the tunnel 
opening.  It was then moved to 15 cm right or left of the neutron tunnel from the surface 
of the tunnel opening to a distance of 46 cm.   
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Figure 2.8 – Phoswich detector at the first position directly in front of the neutron 
tunnel. 
 
Neutron flux was measured at 15 different locations as illustrated in Figure 2.9.  
The area of the red circles in Figure 2.4 above indicates relative fast neutron flux.  The 
larger the circle the more neutrons are being detected.  Those neutrons which travel 
through the neutron tunnel are apparent in the middle section with fewer neutrons being 
detected outside the line of the neutron beam.  The measurements (as depicted in Figure 
2.4) indicate excellent collimation which produces a narrow monoenergetic neutron beam 
with low dispersion. 
 
 
24 
 
 
 
 
 
Figure 2.9 Map of neutron flux shows a definite collimation as the majority of 
neutrons (in red) are seen in the area in which the neutron tunnel is directed.  
 
Section 2.3 Detector 
 
 Once it was determined that collimation of the neutrons was successful the actual 
data collection could begin.  This experiment required the use of an EG&G Ortec GMX 
10 High Purity Germanium (HPGe) detector with an energy resolution of 2-3 keV.  It has 
40% effective detection relative to a 3”x3” sodium iodide (NaI) detector at 662 keV.  
Semiconductor detectors such as the HPGe detectors can be much smaller than equivalent 
gas-filled detectors because solid densities are some 1000 times greater than that for gas.  
While scintillation detectors provide solid detection medium they have a relatively poor 
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energy resolution.  The use of semiconductor materials as detectors results in a much 
larger number of charge carriers than is possible with any other common detector type.  
HPGe detectors have a 20-30x improvement in resolution as compared to that of sodium 
iodide detectors.18 Therefore, the best energy resolution is achieved using semiconductor 
detectors such as the HPGe.19 
 
 
Figure 2.10 – HPGe detector capsule diagram. 
 
The detector was placed at near 00, 450, 900 and 1350 with respect to the neutron 
beam axis.  Placing the detector directly in the neutron beam or at 00 would have resulted 
in severe damage, thus the near 00 position. 
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Figure 2.11  HPGe Detector at 450 position. 
A graphite sample was placed directly in front of the neutron tunnel (as indicated 
by the red arrow in Figure 2.12) and bombarded with the 14 MeV collimated neutrons at 
ten-minute intervals for a total of 40 minutes per detector position. 
 
Figure 2.12 Graphite sample at neutron tunnel surface. 
Graphite Target 
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LIST OF EQUIPMENT 
 
 
Manufacturer 
 
Description Model 
EG&G Ortec Amplifier 571 
 
Canberra HV Power Supply 3105 
 
ORNL Pulse Shape Discriminator Q6272 
 
Tennelec Amplifier TC 244 
 
Tennelec Power Supply TC 909 
 
MF Physics D-T Neutron Generator A325 
 
EG&G Ortec HPGe Detector GMX 
 
APTEC - NRC Multi-Channel Analyzer Mcard 5004 
 
ORNL Scintillation Detector Phoswich 
   
Dell Desktop computerq Optiplex 
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Section 2.4 Resolution Curve 
 
Resolution is a function of the detector and remains constant for a particular 
element throughout the experiment.  If Doppler broadening is occurring then the spread 
can be much larger than the resolution typical for a particular gamma ray detector.  A 
resolution curve for the detector was calculated to predict the location of the Doppler 
shifted carbon peak.   Gamma-ray spectra obtained during data collection was used for 
this calculation.   
Table 2.1 – Data collected during neutron interrogation of graphite at near 00 with 
respect to the neutron beam. 
 
Element 
Energy  
(keV) 
Actual 
(keV) 
FWHM 
(keV) FWHM/E 1/√E (keV1/2) 
Target near 0 
Annihilation 
peak 511 509.42 8.53 0.016693 0.044306 
Pb 2614 2612.53 8.52 0.003259 0.019565 
O 5108 5108.07 1.98 0.000388 0.013992 
O 5619 5625 8.15 0.001449 0.013333 
O 6130 6119.49 11.77 0.00192 0.012783 
 
To calculate the resolution of the 4438 gamma ray; lead, oxygen and annihilation 
gamma ray (511 keV) data were plotted and a trend line added to the graph to obtain the 
slope and y-intercept.  These were then be used to predict the resolution of the 12C 
gamma ray. 
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Figure 2.13 – Plot of lead, oxygen and nitrogen data from the near 00 position. 
 
 
The slope of the trend line is 0.4992 from the graph above.  Using this 
information we can determine the full-width half maximum (FWHM) of the 4438 keV 
gamma ray.  
 
0.49924438    −0.0056×4438    =8.4     
 
Based on these calculations the predicted FWHM of the gamma ray at 4438 keV is 8.4 
keV.  The graph of our data shown in Figure 2.9 tells another story. 
(keV1/2) 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Figure 2.14 The 12C gamma ray width (denoted by green markers) is 100 keV. 
 
The entire 4438 gamma ray lineshape is distributed over 100 keV.  It is evident 
that the FWHM is much larger than the 8.5 keV predicted.  Since this lineshape cannot be 
fit with a Gaussian function it is difficult to discern the exact FWHM.  This is evidence 
that the 12C gamma ray has broadened. 
Section 2.5 Angular Dependence 
 
Doppler broadening has an angular dependence.  During the experiment the 
gamma ray spectra were collected with the detector in four different positions with 
respect to the neutron beam; near 00 (position 1), 450(position 2), 900  (position 3) and 
1350 (position 4).  As mentioned earlier it was expected that upon neutron interrogation 
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the gamma-ray spectra produced in detector position 1 would be completely shifted and 
appear as in Figure 2.10 below.  The amount of shift would depend on the angle between 
the normal to the surface of the detector and the momentum of the gamma-ray emitting 
nuclei as given by the following equation.15 
  = 0+ 0 cos  
 
where β is the ratio of the velocity of the nucleus to c and θ is the aforementioned angle. 
 
Figure 2.15 Predicted spectrum from detector position 1 with “best case” 
assumptions described in text 
 
The spectra observed did, in fact, appear shifted as was expected.  Figure 2.11 
below is a diagram of the actual experimental set-up.  The varying colors of detector 
positions correlate with the spectral lines shown in Figure 2.12. 
32 
 
 
 
. 
Figure 2.16 Diagram of experimental set-up showing all four detector positions.  
Not to scale. 
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Figure 2.17 Spectrum for 12C at each of the four detector positions.  A shift to the left is clearly seen as the detector is moved 
from the 00 position to 1350 position.  The grey line indicates 4.438 MeV. 
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The gamma ray spectra at the 450, 900 and near 00 positions are much less separated, 
however there are indications that the broadened 12C gamma ray at 00 is shifted to higher 
energies than the 900.  Unfortunately, due to poor statistics in the spectrum we cannot 
prove this conclusively.  While we expected the 450 and 900 gamma ray spectra to be 
more differentiated it is not observed here.   
One reason that there appears to be a continuum of energies rather than a discrete 
peak could be the fact that the detector spans a range of angles as opposed to a single 
angle.  Our detector had a diameter of 7.62 cm and the distance between the detector and 
the graphite target was 6.35 cm.  Using the chord-length formula from geometry (s=rθ), 
the detector has an angular span of 51.90. 
Another reason is the fact that the graphite target is not infinitely thin but has a finite 
thickness.  A better result could be obtained by using a very thin target.  Use of a thinner 
target would greatly increase the necessary collection times. 
Womble et al7 predicted a maximum value of β to be 1.9%.  This β value was used to 
calculate Eγ for the near 00 (4522 keV) and 1350 (4509 keV) 12C gamma ray spectra.  A 
line was placed at the 1350 Eγ and the near 00 Eγ on Figure 2.12.  The Doppler broadened 
lineshapes fall within these two limits which indicates good agreement with the 
Womble’s prediction7.  
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Figure 2.18 Spectrum for 12C at the 450 and 1350 detector positions. 
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Figure 2.19 Spectrum for 12C at the 00 and 1350 detector positions.  The purple vertical line represents the 4378 keV minimum 
and the blue vertical line represents the 4522 keV maximum. 
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During data collection the only experimental parameter that was changed was the 
angle of the detector with respect to the neutron beam.  The gamma ray spectra shows 
there are different angular shapes at each of the different positions.  Therefore, it seems to 
be consistent with Doppler broadening.  As the angle is increased above 900 the gamma 
ray shifts to the lower energy range.  Angles below 900 causes a gamma ray spectra shift 
to higher energies than expected. The behavior of the gamma ray spectra is consistent 
with Doppler broadening. 
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Chapter 3 Conclusions 
 
In this thesis we have shown evidence that the 4438 keV gamma ray is Doppler 
broadened in the 12C (n, n’ γ) reaction. In order to prove this we bombarded a graphite 
sample with 14 MeV neutrons and collected 12C gamma ray spectra using an HPGe 
detector positioned at four different angles with respect to the neutron beam; near 00, 450, 
900 and 1350.  No other experimental parameter was changed.  The resultant gamma ray 
spectra indicated Doppler broadening had occurred. 
In the future, experiments using 14 MeV neutrons on light nuclei must use a 
resolution curve based on in-beam measurements.  Resolution curves created with 
stationary sources such as radioisotopes and thermal capture reactions do not take 
Doppler broadening into consideration 
Future research should also include experiments designed with detectors at angles 
other than 00, 450, 900 and 1350.  Experimenters must take into consideration the angular 
dependence of Doppler broadening.  Ignoring angular dependence could be detrimental to 
the experiment since a weak gamma ray lineshape is smeared over a large energy range.  
This could render a “false negative” reading as it will be difficult to discern the 
“smeared” gamma ray lineshape from the statistical variations of the background. 
Conversely, experiments or neutron-interrogation systems could be designed to 
take advantage of this effect; angular dependence, in theory, could lead to sample 
location.  For example, three detectors located at various angles with respect to the 
incident neutron beam would have three different gamma ray lineshapes for the 4438 keV 
12C gamma ray.  This would indicate the relative position of an organic material in space. 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The use of neutron beams with energies between 4 and 6 MeV should be 
investigated.  Bombarding the nuclei with 14 MeV neutrons creates much more kinetic 
energy.  Lower energy neutrons should help eliminate Doppler broadening.  
Work should continue with 16O showing that the 7.1 MeV gamma ray is Doppler 
broadened while the 6.1 MeV gamma ray is not.  This would confirm that 12C is not a 
special case.  The Doppler broadening occurs with other elements as well and the 
phenomenon is dependent on the life time and time of flight of the state of the nuclei. 
 Neutron-induced gamma-ray reactions are the primary means used in the 
nondestructive analysis of materials. Since 9/11, there is an expanded interest in using 
these reactions to detect explosives. Simultaneously, there have been great advances in 
the cooling systems of semiconductor gamma ray detectors which make their deployment 
more practical. These systems primarily detect the gamma rays from 14N. 
 Reference 20 presented the level scheme of 14N.  The stopping time of 14N from 
an (n, n’ γ) reaction in ammonium nitrate was calculated to be 1531 fs.  The lifetime of 
the first excited state (2.31 MeV) is 68 fs.  The lifetime of the first excited state and the 
stopping time of 14N is very similar to 12C.  Furthermore, this reference also presented 
what appears to be a Doppler broadened lineshape for the 2.31 MeV gamma ray from 
14N.  Future work should include determining whether the 2.31 MeV gamma ray is truly 
Doppler broadened which could prove valuable to the Department of Homeland 
Security’s understanding of Doppler broadening and the ramifications on explosives 
detection system performance. 
 Finally, new methods of data analysis must be designed to take advantage of the 
angular dependence making material localization a reality.  Gaussian fitting will not 
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work.  Based on this thesis a fundamental shift in the analysis of gamma ray spectra from 
the interaction of 14 MeV neutrons on light nuclei should occur.  To date, gamma ray 
spectroscopists have assumed the Gaussian shape (or the Poisson distribution) is the best 
model of the gamma ray lineshape.  Our work has disproved this. 
The question is:  What should replace the Gaussian lineshape?  This question can 
only be answered with continued research.  The somewhat random behavior of neutrons 
traversing a dense medium seems to preclude any deterministic solution.  A statistical 
model such as Monte Carlo could possibly be used.  A method of implementation is 
unclear at this time. 
The results of this research is to be presented at the 8th International Topical 
Meeting on Industrial Radiation and Radioisotope Measurement Applications, which will 
be held in Kansas City, Missouri (USA) from June 26 to July 1, 2011.  They are also to 
be presented at the Tenth International Topical Meeting on Nuclear Applications of 
Accelerators, AccApp ’11, which will be held in Knoxville, Tennessee (USA) from April 
3 to April 7, 2011. 
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